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We present calculations of electronic and magnetic structures of vanadium-benzene multidecker
clusters VnBzn+1 (n = 1 - 3) using advanced quantum Monte Carlo methods. These and related
systems have been identified as prospective spin filters in spintronic applications, assuming that
their ground states are half-metallic ferromagnets. Although we find that magnetic properties of
these multideckers are consistent with ferromagnetic coupling, their electronic structures do not
appear to be half-metallic as previously assumed. In fact, they are ferromagnetic insulators with
large and broadly similar ↑-/↓-spin gaps. This makes the potential of these and related materials
as spin filtering devices very limited, unless they are further modified or functionalized.
PACS numbers: 75.50.Xx, 75.76.+j, 02.70.Ss
I. INTRODUCTION
As predicted long time ago [1], electrons with up- and
down-spins can exhibit different resistivities in differ-
ent spin channels, R↑ 6= R↓. This can happen in spe-
cial types of materials with particular electronic struc-
ture features that favor transport of one spin orientation
over the other. Over the past decade, this property has
been exploited in spintronics [2] combined with molec-
ular electronics by employing both nonmagnetic [3] and
magnetic bridges [4]. In particular, half-metallic (HM)
ferromagnet (FM) with high Curie temperature and
only one electronic spin channel at the Fermi energy [5]
would be an ideal realization of a molecular spin fil-
ter. Such behavior have recently been predicted for tran-
sition metal organometallic sandwich structures [6–14]
(Fig. 1) with promising perspectives for applications in
spintronics [4] and quantum computing [15]. These con-
clusions have been based mainly on computational stud-
ies since such behavior of metal-organometallic molecule
junctions has not been experimentally demonstrated yet.
In order to shed a fresh light on this problem, we
employ advanced quantum Monte Carlo (QMC) meth-
ods [16] to study the transition metal-benzene multi-
decker molecules VnBzn+1, n = 1 - 3, as one of the most
prominent examples of prospective spin filtering systems.
Our methods raise the accuracy and predictive power of
the calculations by about an order of magnitude with re-
gard to previous studies and enable us to study subtle
effects of spin flips and corresponding energy shifts with
much higher degree of confidence. Based on our results,
we conclude that these systems are ferromagnetic insu-
lators with large and broadly similar ↑-/↓-spin gaps, see
Figure 1. We do not find half-metallic ferromagnets as
the previous calculations, implying thus a limited poten-
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tial of these materials for spintronic applications unless
they are further modified or functionalized.
In addition to the anticipated applications in spintron-
ics and quantum computing, transition metal-benzene
(TMBz) multidecker molecules of the TMnBzn+1 type
have attracted attention also because of their poten-
tial for other applications in catalysis, polymers, molec-
ular recognition [17], and high-density storage. Mass
spectra experiments [18] on positively charged TMBz+
complexes and theoretical studies [19] on both charged
and neutral clusters suggest that only systems with the
early TMs adopt the multidecker molecular structure,
whereas the late TMs form rice-ball structures where
TM atoms are fully covered with Bz molecules. One of
the most studied early transition metal-benzene multi-
decker molecules, VnBzn+1 [6–8, 13, 20], was expected
to exhibit the desired HM/FM properties for sandwiches
of medium length (n ≈ 3) with minority (↓) spin-gaps
featuring metallic behavior and majority (↑) spin-gaps
featuring semiconducting behavior. Experimentally the
multidecker VBz molecules were synthesized up to n =
6 in a reaction of laser-vaporized V atoms with ben-
zene molecules [21, 22] and, hence, cover also the antic-
ipated HM/FM range. The FM nature of the VnBzn+1
sandwiches was predicted both experimentally in Stern-
Gerlach (SG) magnetic deflection experiments [23] and
theoretically in density functional theory (DFT) model-
ing [6–8, 13, 20]. However, to the best of our knowl-
edge, the HM behavior was only predicted theoretically
in DFT calculations [6–8, 13, 20] and experiments that
would measure spin transport through metal-VnBzn+1-
metal junction are still missing.
The identification of VnBzn+1 sandwiches as half-
metal ferromagnets has several weak points. The SG
experiment revealed that the magnetic moment increases
monotonically with the cluster size up to n = 4 [23], sup-
porting thus the FM ordering. However, the experimen-
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2FIG. 1. Sandwich-like organometallic structures of VBz
complexes with transition metal atoms separated by ben-
zene molecules (top). Bottom: Schematic illustration of a
half-metal ferromagnet featuring a single spin-channel at the
Fermi energy (yellow color and arrow) in the minority spin
population and of a ferromagnetic insulator featuring much
larger transport gaps E
↑/↓
transp. For a more realistic DFT
g↑(E)/g↓(E), see Ref. [8].
tal error bars in the region of interest (n ≈ 3) of ≈ ±1
preclude an unambiguous interpretation of the magnetic
state of the molecule. In addition to ferromagnetic
states, there might be also anti-ferromagnetic (AFM)
states with similar energies. Such states have been stud-
ied using DFT techniques that predict VnBzn+1 mul-
tidecker molecules to be either FMs [10] or FMs and
AFMs, depending on n [8], with energy differences of
the order of few meV. The competition between the di-
rect exchange between the V atoms favoring ferromag-
netism and super-exchange via the benzene ring favor-
ing antiferromagnetism was identified as the reason for
these small energy differences [8]. However, limited ac-
curacy and reliability of DFT techniques for magnetic
states of TM-based organometallics have been known
for some time. For example, comparisons with high-
accuracy QMC calculations showed qualitatively incor-
rect, strongly exchange-correlation (xc) model-dependent
DFT calculations of magnetic states for TMBz half-
sandwich structures [24, 25]. Hence, the ability of DFT
techniques to correctly predict magnetic structure of full-
sandwich VBz multidecker structures appears to be far
from clear. The other shortcoming of the DFT methods
is their reliance on the highest occupied-lowest unoccu-
pied molecular orbital (HOMO-LUMO) model of the spin
gaps, which are of central importance for identification
of the HM nature of the VnBzn+1 systems. In fact, there
are additional complications in DFT estimations of the
electronic gaps besides the poor approximation of the op-
tical gaps by the DFT HOMO-LUMO differences. Due
to the presence of strongly bonded excitons, there may
be a huge difference between optical and transport gaps
that are of the key importance for a molecule to func-
tion as a spin filter. Hence, in order to uncover the true
nature of the magnetic and electronic structures in the
VnBzn+1 multidecker molecules we have carried out a
very accurate investigations of the gaps for n = 1 - 3.
This covers the range of the anticipated half-metal fer-
romagnet behavior and sorts out the experimental and
theoretical uncertainties mentioned above. Our calcu-
lations, with accuracy higher by an order of magnitude
when compared to previous DFT-based studies, predicts
VnBzn+1 clusters to be ferromagnetic insulators rather
than half metals.
II. METHODS
The details of our calculations are in Supplementary
Information (SI). Briefly, we use a four-level refine-
ment strategy that enabled us to eliminate all the sys-
tematic biases, except for the fixed-node approxima-
tion [16]: 1) initial geometries were obtained from DFT
optimization, 2) the single-determinant trial wave func-
tion was constructed from spin-unrestricted DFT single-
particle states using Becke-Perdew-Wang 91 [26, 27] xc-
functional, 3) the trial wave function was optimized using
VMC (variational Monte Carlo) techniques, 4) final ener-
gies were computed from the fixed-node DMC (diffusion
Monte Carlo) simulations. Spin-unrestricted results ex-
hibited only minor spin-contamination, see Supplemen-
tary Tables I-III. We also note that QMC attempts for
structural reoptimization left the DFT-optimized struc-
tures unchanged, c.f. Supplementary Figure 1. These
tests justify use of spin-unrestricted DFT wave functions
and DFT-optimized structures in our QMC calculations.
For static DFT modeling we used the GAMESS suite of
codes [28], while all VMC and DMC calculations used
the QWalk code [29]. Based on our previous experience
with VBz half-sandwiches [24, 25], we use the gradient-
corrected (GGA) BPW91 [26, 27] DFT xc-functional, for
alternative choices see SI. One of the few direct com-
parisons with experiments available for neutral VnBzn+1
multidecker molecules are vertical ionization potentials
(IP) [18]. IPs are very accurately experimentally measur-
3TABLE I. VnBzn+1 → nV + (n+1)Bz adiabatic fragmenta-
tion energies per V atom (in eV) at different levels of treat-
ment.
method VBz2 V2Bz3 V3Bz4
DFT 5.24 4.78 4.60
DMC 4.28(4) 3.80(6) 3.61(7)
able and we used IPs to benchmark the methods we use
in our study. We compute the following IPs for VnBzn+1:
5.71(4), 4.70(7), 4.06(9) eV, for n = 1, 2, and 3, compared
to the experimental values of 5.76(3), 4.70(4), 4.14(5)
eV [18]. The importance of IPs is also in the fact that, in
the spin-polarized version, they enter calculation of the
spin transport gaps, see Section III. Further details are
presented in Supplementary Table VIII and Supplemen-
tary Figure 2.
III. RESULTS AND DISCUSSION
First, we analyze chemical bonding in the VnBzn+1
sandwich systems. Adiabatic fragmentation energies in
the VnBzn+1 → nV + (n+1)Bz channel are shown in Ta-
ble I; total energies of all VnBzn+1 complexes and their
fragments are summarized in Supplementary Tables I-VI
and energies of other dissociation channels can be found
in Supplementary Table VII. The impact of electron cor-
relation effects captured in QMC treatment is clearly
visible. The -Bz· · ·V· · ·Bz- units are strongly bonded
with binding energies >3.5 eV or 1.75eV per V· · ·Bz
bond. These per V atom energies represent averaged
values. More detailed analysis exposes strong asymme-
tries in the V· · ·Bz bonding between terminal and inner
molecular bonds. For example, DMC adiabatic disso-
ciation energy of the terminal Bz-V· · ·Bz-(VBz)2 bond
is ≈2.5eV, whereas it is only ≈1eV for one of the in-
ner Bz-V-Bz· · ·V· · ·Bz-V-Bz bonds, see Supplementary
Table VII. Given the fact that experimentally the dis-
sociation energies of the neutrals are derived from dis-
sociation energies measured for VnBz
+
n+1 cations, cor-
rected for kinetic shifts, using vertical metal atom and
neutral complex ionization energies [18, 19], the QMC-
calculated adiabatic dissociation energies are expected to
be more accurate than the indirectly determined experi-
mental values [24, 25].
Next, we determine magnetic ordering by calculating
total energies of the VnBzn+1 multidecker molecules for
n = 1 - 3 in a variety of different spin states, includ-
ing nonmagnetic (NM), weakly magnetic with only one
unpaired electron (WM), FM, and AFM states. In ad-
dition to these “natural” spin states we also consider
high-spin ferromagnetic states with unusual spin multi-
plicities, such as, for example, M = 6 in V3Bz4, that
would correspond to five unpaired electrons distributed
over three vanadium sites. SG experiments [23] suggest a
linear increase of the magnetic moment µz with n, corre-
sponding to ferromagnetic coupling with each vanadium
atom contributing spin 12 . Our calculated results shown
in Figure 2 indicate that the FM and AFM states are
very close in energy, degenerate within our error bars.
The small energy differences are most likely due to the
competition between direct and super-exchange between
the magnetic centers [8]. This small energy scale pre-
vents us from determining accurate exchange energy [30]
for the vanadium centers and Curie temperatures which
could be measured experimentally, for further discussion,
see SI. Both non-magnetic and high-spin states are sig-
nificantly, >0.5eV, higher in energy than the FM/AFM
states, more details can be found in Supplementary Ta-
bles I-III. FM, AFM, and WM states all feature spins
in dz2 orbitals oriented along the molecular axis, see Fig-
ure 2. While our accuracy is not sufficient to discriminate
clearly between FM and AFM states, the results are con-
sistent with SG experiments [23] that suggest the ground
states of multiplicity of M = 2, 3, and 4 for n = 1, 2, and
3, hence, ferromagnetically coupled magnetic moments
of 1 µB per the V atom.
Spin filtering function of the ferromagnetic VnBzn+1
molecules requires that they exhibit also the half-metallic
behavior. For this purpose, we have evaluated the fun-
damental spin-gaps of VnBzn+1 in the range n = 1 -
3. For comparison, we present also the DFT HOMO-
LUMO gaps that are routinely used to estimate quan-
tum transport [6–14] and that are straightforward to cal-
culate. Since the HOMO-LUMO gap is a single-particle
quantity, in the many-body QMC method we calculate
instead the vertical transport spin-gaps E
↑/↓
transp, Figure 1,
as differences between the energies with an added or sub-
FIG. 2. Relative energies of VnBzn+1, n = 1 - 3 as a func-
tion of spin multiplicity. The insets show spin densities, for
more details see the text. The error bars in DMC results are
comparable to the size of the symbols.
4FIG. 3. Comparison of calculated DFT HOMO-LUMO spin-
gaps and DMC transport spin-gaps calculated from formula
(1) for VnBzn+1, n = 1 - 3, in the ferromagnetic state.
tracted spin ↑-/↓-electron [16] as follows
E↑,↓g = (E
↑,↓
N+1 − EN )− (EN − E↑,↓N−1) . (1)
Here E↑,↓g is the sum of the spin-↑/↓ vertical ionization
potential and electron affinity, which can be fairly easily
and very accurately calculated by QMC methods. The
calculated DFT HOMO-LUMO and DMC vertical trans-
port spin-gaps for the respective ground-state multiplets
are in Figure 3; more details, including discussion of adia-
batic transport spin-gaps and results obtained with other
DFT xc-functionals, can be found in Supplementary Ta-
ble IX and Supplementary Figure 3. The DFT HOMO-
LUMO spin-gaps indeed reproduce the previously re-
ported HM nature around n = 3 [6–8, 12, 13] with mi-
nority (↓) spin-gaps featuring metallic behavior and ma-
jority (↑) spin-gaps featuring semiconducting behavior.
Qualitatively similar results are obtained also with other
DFT xc-functionals, see SI. However, the DMC transport
spin-gaps feature a completely different behavior, with
insulating spin-gaps for both spin types, see Figure 3,
with large (>4 eV) and broadly similar ↑-/↓-spin gaps.
As indicated in the introduction, the qualitatively incor-
rect conclusion drawn from the HOMO-LUMO spin gaps
is due to a combination of two effects: a) underestima-
tion of the optical gap by the DFT HOMO-LUMO gap,
and b) neglect of the excitonic binding energy, that is of-
ten large in organic materials. Hence, we conclude that
the family of VnBzn+1 multidecker molecules are ferro-
magnetic insulators and not half-metal ferromagnets, as
heretofore assumed.
IV. CONCLUSIONS
In summary, we report the most accurate study to
date of magnetic ordering and electronic structure of the
VnBzn+1 multidecker clusters. We use a combination
of DFT and QMC methods with a boost in accuracy of
predictions by at least an order of magnitude when com-
pared with previous studies. Among the many potential
applications of these materials we have focused on prop-
erties relevant to spintronics and quantum computing. Of
the key importance for such applications is the half-metal
ferromagnetic nature of the molecule. Contrary to the
large number of previous studies, we conclude that this
class of materials are ferromagnetic insulators with large
and broadly similar ↑-/↓-spin gaps, as opposed to half-
metal ferromagnets, as hitherto assumed [6–8, 12, 13].
One could argue that the HM/FM limit could be achieved
for longer molecules, around n ≈ 7. However, VnBzn+1
molecules have experimentally been synthesized only up
to n = 6 [21, 22]. Moreover, VnBzn+1 molecules for
n ≥ 4 have been reported to assume chiral structure [6]
that leads to opening of the electronic gap. Since all the
predictions of HM/FM behavior also for the related 1-
dimensional multidecker TM organometallics [9–11, 14]
are based on essentially the same type of analysis, they
are expected to suffer from the same shortcomings. We
conclude that the potential of these systems to be em-
ployed as spin filters is limited although they could be
useful for other applications [17] and/or need to be fur-
ther modified in order to achieve the required electronic
structure properties.
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